Abstract-This study attempted to quantify differences in Cd biokinetics from two populations of green mussels (Perna viridis) from two sites (eastern and western) in Hong Kong with contrasting hydrological conditions. Body Cd concentrations were modeled using a simple biokinetic model coupled with measurements of dissolved Cd concentrations at each site. Mussels collected from the western site had three to six times higher Cd tissue concentration than the eastern population collected during two seasons (summer wet and winter dry), but the salinity was only lower in the western site during the summer. More Cd was distributed in the metallothionein-like and heat-sensitive proteins in the western population than the eastern population, and Cd predominantly was distributed in the insoluble fraction during summer. The Cd uptake rate constant from the dissolved phase was higher in the western population during summer due to a much lower salinity, but was comparable during winter. Dietary uptake of Cd was similar in both populations, and assimilation was lower from ingested radiolabeled seston than from diatoms. Efflux of Cd remained comparable between the two populations from two seasons (0.02-0.03 /d). Kinetic modeling demonstrates that the faster influx of Cd from aqueous phase caused the higher body Cd concentrations in the western population. The predicted Cd concentrations in mussels were comparable to those observed in the field. Our study highlights differences in Cd accumulation kinetics in different populations of mussels likely caused by the different physical environments.
INTRODUCTION
Over the past decades, extensive studies have been conducted on the influences of various ecological and chemical conditions on trace metal bioaccumulation and bioavailability to different aquatic organisms. Marine bivalves have been employed widely as biomonitors of coastal contamination at local, regional, and global scales. Many bivalves (e.g., mussels, oysters, and clams) also are important commercially and consumed widely by humans, and there are wide safety concerns regarding shellfish consumption due to their high metal accumulation. The concentrations of metals, all of which are toxic above some levels, in marine bivalves can vary greatly either due to natural variability or environmental contamination. Teasing out the contribution of natural variability versus anthropogenic influences is challenging, and there are now many interests regarding the mechanistic interpretations of body metal concentrations in marine bivalves.
Kinetic modeling of the fate of diverse contaminants in aquatic organisms has played an important role in increasing our understanding of bioaccumulation and bioavailability [1] . The bioenergetic-based kinetic model has identified a few parameters controlling metal accumulation from both the aqueous and dietary phases, including metal assimilation efficiency (AE) from the dietary phase, influx rate from the aqueous phase, efflux rate, growth rate, ingestion rate, and metal concentrations in the dissolved and particulate phases [2, 3] . This model has been used to predict metal concentrations in animals [4] , delineate the quantitative significance of different routes of metal exposure (aqueous vs. dietary) [5] , and predict the likely trophic transfer factors of metals in the food chain [6] . Many recent studies have demonstrated that the parameters * To whom correspondence may be addressed (wwang@ust.hk).
identified in the kinetic model can account for metal accumulation in marine invertebrates and may provide basis for prediction of metal bioaccumulation in marine systems [3, 6, 7] .
A few recent studies have attempted to understand the difference in trace metal accumulation in marine bivalves from different populations. Blackmore and Wang [8] determined metal concentrations in the mussel Perna viridis collected from two hydrographic zones in Hong Kong. Mussels from the two sites then were acclimated to different salinities in the laboratory. Metal influx from the dissolved phase from both sites generally increased with a decrease in salinity, but the metal AE was unaffected by the salinity variation. Later, Blackmore and Wang [9] measured the metal uptake and assimilation of the common mussel Mytilus spp. collected from different global areas (US, UK, China). No major difference in the metal assimilation and dissolved uptake was documented among the different mussel populations, suggesting that the metal concentrations measured in these biomonitors from different geographic regions can be compared directly in assessment of trace metal bioavailability. In the same study, green mussels also were collected from different regions in Hong Kong and their biokinetics were rather comparable. More recently, Shi and Wang [10] collected clam populations (Ruditapes philippinarum and Mactra veneriformis) from different contaminated sites in a Chinese bay, and demonstrated a substantial difference in Cd and Zn biokinetics from different populations of clams. However, none of these previous studies had attempted to model the metal concentrations in the bivalves. Also, there are few studies to compare the differences in metal biokinetics between the estuarine and coastal population of bivalve species [11] .
In this study, we contrasted the bioaccumulation of Cd in two populations of green mussels P. viridis collected from two hydrographic regions of Hong Kong. The Hong Kong aquatic environment has provided an excellent place for testing differences in marine bivalve metal bioaccumulation over relatively short spatial distances. Green mussels are widely tolerant of various environmental conditions and are abundant in these contrasting hydrological conditions, and thus are excellent model organisms to compare the difference in metal bioaccumulation in different environments. Despite many field measurements indicating that metal concentrations in the estuarinecollected animals often are higher than those in the higher salinity regions [12, 13] , no study has attempted to employ the biokinetic model to provide a mechanistic understanding of the difference of metal concentrations in these animals. We collected green mussels from the eastern side of Hong Kong, representing the coastal environment, and from the western side, representing the estuarine side with low salinity during summer due to the significant influence of Pearl River discharge. We measured the biokinetics, including the Cd dietary assimilation efficiency and dissolved uptake rate as well as the Cd efflux from the two populations. Furthermore, we quantified dissolved Cd concentrations in the local environment using trace metal clean techniques. Based on these biokinetic and geochemical measurements, we then employed a relatively well-established biokinetic model to predict the likely Cd concentrations in green mussels. We further discuss some of the caveats in the biokinetic modeling based on our comparison with the field Cd concentrations in the mussels.
MATERIALS AND METHODS

Mussels and measurements of Cd concentrations in seawater
Perna viridis (2.5-3 cm length) were collected in two seasons, summer (August or wet season) and winter (December or dry season) from Tolo Harbor (the eastern site) and Tung Chung (the western site) in Hong Kong. During summer, due to the heavy rain, the western waters of Hong Kong are affected significantly by the Pearl River Delta, which drains a large area of Southern China. In winter, the whole Hong Kong coastal waters are intruded by the Kuroshio Current and are characterized by relatively high salinity. The salinity in the eastern and western sides in the first sampling (August) was 30 and 15 psu and, in the second sampling (December), was 33 and 35 psu, respectively. The temperature measured for both populations in the summer and winter was 30 and 18ЊC, respectively. The total suspended loads in the two collection sites were 3.5 to 8.7 mg/L, with chlorophyll a concentration of 0.4 to 0.8 g/L, in both seasons. Generally, the physical water parameters of these sites were comparable to the other water control zones in Hong Kong (temperature: 17-30ЊC; salinity: 10-33 psu at the western sites, 27-33 psu at the eastern sites; total suspended solids: 0.5-14 mg/L; chlorophyll a: 0.5-10 mg/L; [14] ; http://www.epd.gov.hk/epd/english/environmentinhk/water/ marinequality/files/marine03.pdf).
In the field, seawater samples also were collected for determining the dissolved Cd concentrations. All the filters, Teflon, and Masterflex tubings used for sampling were cleaned thoroughly with acids according to the ultra-clean standards for trace metal collection and handling [15] . Surface seawater (1 m) was pumped through a 0.45-m Gelman inline capsule filter (Ann Arbor, MI, USA) using a peristaltic pump and collected in precleaned, 1-L bottles. Each sample was filled to capacity to minimize the loss of volatile species to headspace. The dissolved Cd concentrations then were measured (conducted by Frontier Geosciences, Seattle, WA, USA). In addition, seawater from each site also was collected for later measurements of Cd dissolved uptake by the mussels.
Upon return to the laboratory, the green mussels were maintained in recirculating filtered seawater collected from the Port Shelter, Hong Kong. Due to the much lower salinity collected from the western side (15 psu) in summer, the salinity was adjusted accordingly to 15 psu. The diatom Thalassirosira pseudonana was fed continuously to the mussels during the acclimation period. All experiments described below were conducted at salinity the same as the field salinity when each population of mussels was collected.
Cd tissue concentration and subcellular distribution
The Cd tissue concentrations in the green mussels were quantified using our well-established method [16, 17] . Briefly, five individuals of mussels were dissected and the soft tissues were digested with HNO 3 ; this was followed by measuring the Cd concentrations using inductively coupled plasma-mass spectroscopy. The oyster tissue standard (1566a, National Institute of Standards and Technology, Gaithersburg, MD, USA) also was digested concurrently and measured to confirm the recovery (Ͼ90%). The soft tissue Cd concentration is expressed as g/g dry weight.
The subcellular Cd distribution in the mussels was measured using the method described by Wallace et al. [18] . Five individual mussels were dissected, and tissues were homogenized and separated into subcellular insoluble and soluble fractions using differential centrifugation. The soluble fraction is composed of metallothionein-like protein ([MTLP], heatstable) and the heat-sensitive protein (HSP), whereas the insoluble fraction is composed of organelles, broken cells, and granules, e.g., metal-rich granules. The Cd concentration in each fraction was analyzed similarly by inductively coupled plasma-mass spectroscopy after tissue digestion. Finally, the percentage of Cd distributed in each fraction was calculated.
Cd biokinetic measurements
We measured the Cd dietary absorption efficiency, dissolved uptake rate, and efflux rate in mussels collected from the two sites. We simply assumed that the metals absorbed are 100% assimilated (i.e., negligible or very low excretion of assimilated metals) and the assimilation efficiency (AE) is the percentage of metals retained after absorption of food molecules. To quantify the Cd AE, the diatom T. pseudonana and natural seston (only for the winter season) were used as food sources for the mussels. The diatoms T. pseudonana were radiolabeled uniformly with 3.7 kBq 109 Cd in 200-ml filtered seawater for 4 d, using the method described earlier [16, 17] . The natural seston was collected from each site when the mussels were collected. In the laboratory, the seawater first was passed through a 60-m mesh to remove the large particles, and any particles between 3 and 60 m were filtered onto a 3-m polycarbonate membrane. The particles were resuspended into 20 ml of 0.22-m filtered seawater and radiolabeled with 74 kBq 109 Cd for 2 d. The radiolabeled seston and diatoms then were collected by filtration and fed to mussels in three additions at cell concentration of 5 ϫ 10 4 cells/ml (0, 10, 20 min) and counted at 30 min (shorter than the food gut passage time). After the pulse radioactive feeding, the 109 Cd radioactivity of each mussel was counted immediately, followed by depuration in a 10-L aquarium with circulating aerated seawater [16] . The radioactivity was measured by a gam-ma counter at 88 keV for 109 Cd. Counting errors were Ͻ5%. During the depuration period, the mussels were fed with nonradioactive diatom T. pseudonana. The radioactivity remaining in the mussels was monitored regularly throughout the 3-d depuration period. The AE finally was calculated as the percentage of initial radioactivity retained in the mussels after 60 h of depuration, using the established methods for green mussels [16, 19] .
To determine the Cd dissolved uptake rate, seawater collected from the site of the mussel population was used. The 0.22-m filtered seawater first was spiked with stable Cd (in CdCl 2 , 2 g/L) and 109 Cd (3.7 kBq/L, corresponding to 30 ng/ L) for 1 d before the experiment. Eight individual mussels were cleaned carefully (shells) and individually placed into 200-ml seawater containing the stable and radioactive Cd. Following exposure to these radioactive waters for 1 h, the mussels were removed and rinsed with nonradioactive water. The soft tissues were dissected immediately and the radioactivity in the soft tissues was measured. The tissue then was dried at 80ЊC before dry weight measurements. The Cd uptake first was calculated as the dry weight concentration factor, expressed as the amount of Cd in the mussel soft tissue per gram dry weight divided by the concentration of the dissolved Cd in the medium. The dissolved uptake rate constant (k u, l/g/d) finally was calculated as the concentration factor divided by the exposure time.
To test whether the laboratory determined k u based on the relatively short association time between the radioactive Cd and the background/spiked stable Cd can be applicable to the natural conditions, we further conducted additional experiments by spiking the seawater with radioisotopes and stable Cd for different durations. We specifically tested whether difference in the residence time of spiked Cd in natural seawater would affect Cd uptake by the mussels. Natural seawater was collected from two locations of Hong Kong (Port Shelter and Lau Fu Shan) with contrasting suspended particle load. Suspended particle load of Port Shelter water was 1.2 mg/L (salinity: 33 psu), whereas it was 36.1 mg/L (salinity: 27 psu) for Lau Fu Shan water. The seawater was filtered through the 0.22-m polycarbonate membranes, and stable Cd (10 g/L) and 109 Cd (7.4 kBq/L, corresponding to 60 ng/L) were spiked into the seawater, which then was aged for different durations (1 d, 7 d, 1 month, and 2 months). Spikes of Cd were conducted at different times, such that dissolved Cd uptake was measured simultaneously for different Cd treatments. Dissolved uptake of Cd was measured as described above. Before the measurements, the radioactive seawater was filtered further through 0.22-m filters to remove any coagulated particles formed during the aging period.
The efflux rate of Cd in the mussels was quantified using established methods [2] . Diatom T. pseudonana (3.7 kBq 109 Cd in 500 ml) was radiolabeled as described above and, after collection by filtration, was fed to 12 individual mussels (placed in 2 L of filtered seawater with continuous aeration) for 2 h each day. After the radioactive feeding, the mussels were transferred to natural seawater and fed with nonradioactive food. Such feeding regimes (2-h radioactive feeding plus 22-h nonradioactive feeding) were repeated for a total of 6 d. The mussels then were radioassayed for 109 Cd, and depurated in an aquarium described for the AE measurement. Radioactivity remaining in the mussels was counted over time for a total of 30 d and subsequently was corrected for radioactive decay. The seawater of the aquarium was renewed completely every 2 d to minimize any build-up of radioactive Cd in the seawater (as a result of fecal release). Finally, compartmental analysis was conducted to calculate the efflux rate constant (k e , /d), which was the slope of the regression between the natural log of the %Cd retained in mussels and the time.
Kinetic modeling of Cd concentration and exposure in mussels
The bioenergetic-based model has been discussed extensively and validated [2, 3, 20, 21] . Briefly, the Cd concentrations in the mussels under steady-state conditions (C ss , g/g) can be predicted simply by the following equation:
where k u is the dissolved uptake rate constant (L/g/d), C w is the dissolved Cd concentration (g/L), AE is the dietary assimilation efficiency, IR is the ingestion rate of the mussels (g/g tissue dry wt/d), C f is the dietary Cd concentration (g/ g), and k e is the Cd efflux rate constant from the mussels. The growth rate constant was ignored in this equation because it was generally lower than the k e for the adult mussels [3] .
Statistical analyses
Data first were checked for normality and homogenous variation and the percentage data were arcsine-transformed before statistical analyses. Statistical analysis was performed by Student t-tests to compare between populations of mussels, and one-way analysis of variance to test the significant difference of dissolved uptake rate constant among Cd residence times.
RESULTS AND DISCUSSION
Dissolved Cd concentrations measured in samples collected from the two locations showed no deviation from typical Cd concentrations found in coastal environments. In the eastern side, dissolved Cd concentrations were 0.016 and 0.035 g/L during summer and winter, respectively. For the western side, dissolved Cd concentrations were 0.050 and 0.073 g/L during summer and winter, respectively. These data strongly suggested that the Hong Kong coastal Cd concentrations were not elevated as compared to other uncontaminated coastal waters [22] .
The Cd concentrations in the eastern mussels (0.3 g/g) were significantly lower than those in the western populations (1.3-1.5 g/g; p Ͻ 0.01) measured in both seasons (Table 1) . No significant difference was found in the Cd tissue concentrations between the two seasons, despite the fact that the salinity at the western site had been lower only during the summer (15 psu) compared to the winter (30 psu). The present measurements of Cd concentrations in the mussels were similar to other studies [9, 23] , showing a higher concentration in mussels from the western waters of Hong Kong. Body concentrations of many metals (in particular Cd) in both barnacles [13] and mussels [12] also have been reported to be elevated in the estuarine western waters of Hong Kong. Such higher concentrations in the western side have been interpreted as a result of the high Cd bioavailability in the estuarine region due to low chloride complexation and thus a higher free bioavailable ion concentration [24] .
Differences in the Cd tissue concentrations, however, also were observed in the winter when the salinities of both sites were comparable, suggesting that the spatial variation may not only be due to different salinities. Previous studies have reported a rather wide range of spatial and temporal variations Fig. 2 . The percentage of Cd (%) retained following pulse-feeding of radiolabeled food to the green mussels from the two locations in Hong Kong (mean Ϯ standard deviation, n ϭ 5). of Cd accumulation in bivalves [25] [26] [27] , which also was interpreted as a result of the different Cd concentrations or bioavailability. The partitioning of Cd in different subcellular fractions of the mussels is shown in Figure 1 . During the summer seasons, the majority of Cd (70-90%) was distributed in the insoluble fraction of the mussels. This distribution shifted considerably in winter (Fig. 1) and Cd was distributed nearly evenly in the HSP and insoluble fractions. The higher fraction of Cd in HSP in winter implied that Cd may be more toxic to the mussels [18] . In both seasons, significantly less Cd was found in the insoluble fraction from the western site compared to the eastern site. In addition, there was more Cd in MTLP (p Ͻ 0.001) and HSP (p ϭ 0.01) of the western than the eastern populations in the wet and dry seasons, respectively. The higher dissolved uptake rate of Cd in the western population may correlate to the higher Cd distribution in MTLP, which is a common detoxification protein [10, 16, 17] .
Few data are available on Cd subcellular distribution in the marine bivalves collected from natural environments. Wallace et al. [18] found that MTLP played an important role in detoxifying Cd in the clam Potamorcorbula amurensis following 14-d Cd exposure at 2 g/L. In contrast, Cd mainly was stored in the metal-rich granules in the Macoma balthica after Cd exposure. Our study suggested that the patterns of Cd storage indeed were greatly dependent on the seasons and locations; thus Cd storage and detoxification may be a dynamic process. Caution, therefore, should be taken in speculating about Cd detoxification in a natural, uncontaminated population because some proteins, e.g., metallothioneins, may be induced after environmental exposure, and the percentage of Cd binding to the fractions may change subsequently [16, 28, 29] .
The depuration of Cd following a pulse ingestion of radiolabeled seston and diatoms is shown in Figure 2 . Typically, ingested Cd was processed rapidly by the mussels and depu- Fig. 3 . Relationship between Cd dissolved uptake rate constant (k u , L/g/d) in the green mussels and salinity. Fig. 4 . Dissolved uptake constants (k u , L/g/d) of Cd in the green mussels from different aged seawater from two locations in Hong Kong with contrasting particle loads (mean Ϯ standard deviation, n ϭ 5).
ration leveled off after 24 h. The calculated AE of Cd from ingested diatoms was similar between the two seasons and between populations (p Ͼ 0.05; Table 1 ). In contrast, the AE of Cd from the natural seston (measured in the winter) was significantly lower than from the diatoms (p Ͻ 0.001). Furthermore, the eastern population assimilated Cd from the natural seston at a lower efficiency (6% lower, p ϭ 0.01).
In general, there was not major seasonal and interpopulational variation in Cd AE, which largely appeared to be food quality-dependent. The AE of Cd from the natural seston was about 20% lower than from diatoms in this study. Food quality may be an important factor in the AE of Cd, which often was lower from the natural seston than from pure diatoms [30] . Wang and Wong [31] showed that AEs of Cd from diatoms and sediments varied by a factor of 1.5 to 4.2 in the green mussels. The AE of Cd also varied by 2.3 times (11-25%) among five phytoplankton diets and one natural seston [19] . Blackmore and Wang [9] compared the difference in metal AEs (Cd, Zn, Se) in the common mussels Mytilus edulis collected from different global regions (Europe, US, and China) and indicated that there was no major difference in metal assimilation among the different mussel populations. In addition, salinity differences in the summer did not cause any variations of the Cd AEs between the two populations or when compared to the winter season; thus, salinity was unlikely to affect Cd assimilation, in contrast to its influence on Cd dissolved uptake. Blackmore and Wang [8] also demonstrated that the AEs of Cd, Cr, and Zn were not affected by salinity and, generally, they were not different between the eastern and western populations of mussels in Hong Kong.
The dissolved uptake rate constant k u of Cd in this study was comparable to other laboratory studies on green mussels at similar salinities [9, 10, 32] . However, there was variation in Cd uptake from the dissolved phase between the populations. Uptake of dissolved Cd apparently varied seasonally in the western site, and was higher in the western population in the summer (p Ͻ 0.001; Table 1 ). The higher dissolved Cd uptake may be explained in part by the higher dissolved Cd concentration in the western site than the eastern site. In addition, the salinity difference between the sites may give rise to a different Cd speciation. By pooling the two seasons and two locations together, salinity apparently had a negative impact on the dissolved uptake of Cd (Fig. 3) , similar to other studies [8] . The Cd uptake from the dissolved phase generally increases at reduced salinities, as a result of an increasing free Cd ion concentration with a decreasing chloride complexation and, presumably, a change in membrane permeability [8, 33] . Besides metal geochemistry, physiology may play a role on the metal bioaccumulation of marine organisms. However, Blackmore and Wang [8] demonstrated that neither gill size nor apparent water permeability was significantly different between the populations from the two distinct hydrographic zones.
Uptake of Cd by the mussels in seawater with different durations of association is indicated in Figure 4 . When the spiked Cd was associated with seawater for different durations (1 d to 2 months) there was no significant difference in the Cd k u . In addition, uptake of Cd was comparable between the two locations (Port Shelter and Lau Fu Shan). Radiotracer technique commonly is used to determine the unidirectional metal influx rates in aquatic animals. However, the radiotracers may act as new metals to the bivalves, and thus the determined influx may not give an environmentally realistic prediction if they are not in equilibrium. Our data strongly indicated that the kinetic exchange between the newly added metals and the background Cd was rather rapid, and the laboratory-determined k u can be used to predict the metal uptake in nature.
After dietary uptake for 6 d, the depuration of Cd was characterized by a two-compartmental loss (0-1 d and after; Fig. 5 ). Essentially, there was no difference in Cd depuration between the two populations of mussels in either season (summer and winter). By the end of the 30-d depuration, about 30% of Cd still was retained in the mussels. The depuration rate after 1 d in the slower exchanging compartment was used for the calculation of the efflux rate constants (k e ), which were Environ. Toxicol. Chem. 24, 2005 T.Y.-T. Ng and W.-X. Wang (Table 1) . Efflux rates of metals in bivalves are relatively constant (e.g., 0.01-0.03/d in clams and mussels) and do not vary considerably under different conditions [10, 16] . Our study showed that the k e of Cd was comparable between the east and west populations of mussels, and were similar to other studies in the green mussels [32] . Ke and Wang [11] demonstrated a faster efflux of Cd, Se, and Zn (2.6-4.4 times) in the estuarine oyster Crassostrea rivularis than the coastal oyster Saccostrea glomerata. The Cd in the soluble fraction of oysters was eliminated at a faster rate than the insoluble form [34, 35] . About 13 to 20% more Cd was found in the soluble fraction (MTLP and HSP) of the mussels from the western site than the eastern site, but it did not result in a faster efflux. The efflux rate of Cd thus was not related to the subcellular distribution.
Following the biokinetic and Cd water concentration measurements, the Cd concentrations in the mussels were predicted using Equation 1. All the values of C w , k u , AE (diatom), and k e used in the calculations are taken from this study. We did not quantify the C f of Cd in the seston particles ingested by the mussels. Instead, we calculated this value from the C w times the Cd partition coefficient measured in coastal seston [2, 36] . The IR of the green mussels in a mixture of food particles (organic and inorganic) has been quantified previously [37] . We used a maximum IR (0.2 g/g/d) in our modeling calculation, similar to our previous studies [32, 38] . Thus, our calculations indicated that the C ss predicted based on our biokinetic measurements was in the range of 0.21 to 0.40 g/g for the eastern population, and 0.86 to 1.80 g/g for the western population. These predictions were comparable to the actual measurements in the green mussels collected in two different seasons and from two locations (Fig. 6 ).
The kinetic model thus was able to predict four to five times difference in Cd concentrations in two populations of mussels. It is clear that both Cd geochemistry and Cd uptake kinetics may play a role in the bioaccumulation differences between the populations. The Cd dissolved concentrations measured in the two seasons were relatively higher in the western side (0.050-0.073 g/L) than in the eastern side (0.016-0.035 g/L), which partially may account for the higher Cd body burden in the western populations. In addition, differences in Cd dissolved uptake also may explain the observed differences in the body burdens in the mussels during the wet season. However, application of the laboratory-estimated Cd kinetics for predicting the in situ Cd accumulation of the bivalves should be considered carefully. The marine environment, including the food quantity and quality, are not constant either temporally or spatially. The complex influence of the food environment on Cd assimilation in marine bivalves has been examined rather extensively. The AE of Cd in the mussel Mytilus trossulus from silt particles increased from 36% at 50 mg/L of silt to 92% with the addition of 20,000 cells/ml of the diatom T. pseudonana [39] . Chong and Wang [40] found that the presence of sediment reduced Cd assimilation from ingested diatoms by the green mussels. Wang and Wong [31] studied the effects of different diatom and sediment combinations and food concentrations on Cd assimilation in the green mussels. The Cd assimilation was significantly dependent on the food composition, but not on food concentration; however, it was the opposite for Zn. An increase in food concentration from 1 to 15 mg/L during digestion resulted in a significant decrease in the AEs of metals bound with either sediments or diatoms. Therefore, concerns have been raised whether the Cd AEs determined under laboratory conditions that typically employed simplified experimental conditions are representative of those in the natural environment [39] . In addition, bivalves are highly selective filter feeders and are able to reject unwanted materials as pseudofeces. Because mussels can reject inorganic or nutritionally poor particles, Cd bound to the inorganic matter may be rejected by mussels and its exposure to the mussels thus is lowered. It would be challenging to model the metal accumulation in marine bivalves under different food conditions (quantity and quality) by incorporating the dependences of metal AE and IR [38] . Further modeling also should consider the variability of other biogeochemical processes such as the variations of metal dissolved and particulate concentrations, as well as the exposure history of the animals.
